Ten dental casting alloys were tested for alloy-element release into cell-culture medium, and this release was related to alloy composition, alloy microstructure, and alloy cytotoxicity (previously determined). Cell-culture medium was analyzed for alloy elements by flame atomic absorption. Concentrations of elements in the medium were normalized by dividing them by their atomic abundance in the alloy, giving element mediumalloy ratios (EMA ratios). Results showed that Au, In, and Pd generally did not dissolve into the medium, but that Ag, Cd, Cu, Ga, Ni, and Zn frequently dissolved. Comparison of EMA ratios for Ag, Cu, and Zn showed that each element retained a behavioral identity in diverse metallurgical environments, but that these environments influenced the release behavior to some degree. Some EMA ratios in multiphase alloys were greater than those in solid solutions, and EMA ratios showed great diversity within all the alloys. Nominal composition seemed to be of little value in the prediction of metal release unless the composition supported multiple-phase formation. In addition, release of alloy elements did not, in itself, completely predict alloy cytotoxicity measured previously. However, cytotoxicity was associated with metal release in each case. The commercial alloys used in this study exhibited more complex and less predictable release behavior than did the simpler ternary alloy systems used by previous investigators. It is believed that the use of commercial preparations is necessary for their in vivo behavior to be modeled.
passivation of that surface, but that subsequent scratching of the surface could re-initiate the corrosive process. Covington et al. (1985) studied the release of Ni and Be from base-metal dental-casting alloys in acidified saliva at several pH levels. They found that decreased pH and increased time up to 120 days increased the levels of Ni and Be. Johansson et al. (1989) evaluated corrosion of Cu-, Ni-, and Au-based dental alloys in artificial saliva and saline solutions by microphotography and SEM. They reported that Cu-based alloys showed more tarnish and corrosion than did Ni or Au alloys, and that Becontaining Ni alloys corroded more than did Ni alloys without Be. Recently, Goehlich and Marek (1990) reported that Cu release was greater than Co for Pd-Cu and Pd-Co alloys because Co release was limited by passive film formation.
The cytotoxicity of over 30 dental casting alloys and pure metals has been reported by Craig and Hanks (1990) . A preliminary investigation showed that significant metal release occurred from some of these alloys (Wataha et al., 1989) . The purpose of the present study was to (1) determine the amount of alloy elements released from ten of these casting alloys under standard cell-culture conditions, (2) relate this release to the composition and microstructure of the alloys, and (3) relate this release to the toxicity of the alloys as previously reported.
Materials and methods.
Commercial alloys were used to help ensure clinical relevance. Simpler binary or ternary alloy systems were not used because they lacked components such as grain refiners, which might significantly alter their release behavior.
Ten alloys were used in these experiments (six samples of each alloy). The compositions and microstructures of the alloys are listed in Table 1 . Fig. 1 shows the dimensions of the samples used in these tests. The sample thickness was such that 0.5 mL of cell-culture medium would come into contact with the alloy just below the top of the disc portion of the sample (giving an area of exposure of 65 mm2).
Polishing procedures were designed to be similar to those used clinically, and were identical to those employed by Craig and Hanks (1990) . Tripoli was applied by a 2.5-cm felt wheel rotating at approximately 3200 rpm (dental bench lathe, high speed), followed by rouge, which was applied by a 2.5-cm rag wheel. Separate wheels were used for each alloy, and separate rouge and Tripoli were also used. These measures were taken to prevent the possibility of cross-contamination of alloys via the polishing wheels or polishing compounds.
An extra-soft toothbrush was used to scrub the polished samples with a Jelenko Polishing Compound Remover (JPCR) solution consisting of three parts water to one part JPCR. After the samples were rinsed, they were submerged in JCPR solution and ultrasonically treated for five min. Samples were then scrubbed with an Alconox/water solution and rinsed with distilled water. Samples were submerged in distilled water and swirled for two min. The water was replaced with 95% v/v ethanol in water, and swirling was continued for five min. The samples were then transferred to a sterile cell-culture tray and submerged again in ethanol solution for 20 min. Finally, the of each element are listed in Table 2 . The wavelengths and slit widths were selected after the Perkin-Elmer manual was consulted. Flame and flame conditions were selected empirically to give maximum sensitivity and precision. One or two standard solutions were used for calibration of each element, as per the Perkin-Elmer manual. Standard solutions were prepared by dilution of purchased 1000-ppm stock solutions (Aldrich, Milwaukee, WI) with double-distilled water. So that the accuracy of the standards could be checked and the precision during each experiment evaluated, separate solutions were prepared that were assayed prior to the cell-culture medium. It was determined that most standards were stable in water at room temperature for at least four months.
The detection limit for each element was defined as the concentration of an element that could be distinguished from background noise with a 95% confidence interval. In practice, we obtained the detection limits by reading a solution ten or more times, then constructing a 95% confidence interval by multiplying the standard deviation of these readings by the appropriate t value. This product of the standard deviation and the t value was the detection limit. This number also served as an estimate of the precision for a particular reading.
The native cell-culture medium was evaluated for the presence of the alloy elements as a control in each repetition of the experiment. The only element in this uncontaminated culture medium that was present at concentrations greater than its detection level was Zn. Medium contained between 0.08 and 0.15 ppm of Zn, depending on the batch used. Values shown in the results reflect the adjustment for these background levels.
An element medium-alloy ratio (EMA ratio) was defined as the concentration of an element in cell-culture medium after 72 h of exposure to an alloy, divided by the atomic percentage abundance of that element in the alloy. These ratios normalized the amount of an element that was released to the abundance of the element in the alloy, thereby facilitating comparisons between alloys or between different elements within the same alloy. A larger EMA ratio indicated a greater tendency of an element to be released. EMA ratios were not adjusted for the exposed surface area of the alloy because all samples were the same size. EMA ratios were all determined after 72 h of incubation.
Results.
The detection limits obtained in these experiments are shown in Fig. 2 . This graph demonstrates the great diversity of sensitivities found among the elements. These detection limits were dependent upon the wavelength and other detection conditions used and were considered to be adequately low and precise for these experiments. Comparisons among the alloys were facilitated by normalization of the medium concentration of an element to its atomic percent abundance in the alloy. These EMA ratios are shown in Table 4 . Values in the Table were multiplied by a factor of 100 to reduce the number of decimal places. Parentheses indicate ratios that were not statistically different from zero (95% confidence), usually due to the fact that the medium concentrations were near detection levels and/or the abundance of the element in the alloy was very small. In general, standard errors of the means were 10%. When Table 4is surveyed by element, four magnitudes of ratios are apparent. Au, In, and Pd consistently exhibited ratios at or near zero. Ag generally showed non-zero ratios that ranged between 0 and 1.0. Cu, Cd, and
Zn exhibited ratios between 1.0 and 10.0, while Ga and Ni had ratios greater than 10.0. Each element seemed to retain a behavioral identity in spite of the diverse metallurgical environments it occupied (hence these general groupings). The release of these elements was not simply proportional to their atomic percent abundance in the alloys, since EMA ratios among alloys for a given element were not equal. However, with Ag, there appeared to be a second-order polynomial relationship between atomic percent abundance and amount of Ag released into the medium when Ag was greater than 10 at% in singlephase alloys (Fig. 3) . Similar correlations for Cu and Zn were not evident. When Table 4 is surveyed by alloy, it is apparent that a wide range of EMA ratios could exist in the same alloy. That is, an alloy that exhibited extremely high ratios for one element did not necessarily exhibit high ratios for the others. A good example of this was observed in alloy 6, where Ga and Ni exhibited ratios of 69 and 51, respectively, but Au, Pd, and In showed ratios at or near zero. While alloy 6 showed the most extreme EMA ratio diversity, some element-to-element diversity occurred in all of the alloys. Table 4 also shows the effects of composition and microstructure on EMA ratios. Multi-phase alloys had some elements with elevated EMA ratios. Alloy 6 showed extremely high ratios for Ni and Ga (discussed above), while alloy 10 exhibited the highest Ag ratio and the second-highest Cu ratio. Among single-phase alloys, EMA ratios for a given element varied significantly, demonstrating the effect of composition on release behavior despite a single-phase environment.
Discussion.
It was encouraging that release of alloy elements was reasonably reproducible after samples were re-polished and cleaned. Table 3 shows that the coefficients of variation for culture medium concentrations of elements were generally less than 10% when the concentration was at least twice the detection limit. Given the laboratory procedures for polishing and cleaning, and assuming that they created and modified some surface from which release took place, it is interesting that this level of precision in release occurred. Adequate precision made the release phenomenon amenable to study.
The 72-hour EMA ratios listed in Table 4 were found to be most useful for relation of alloy compositions to alloy element release, since they normalized release of elements to composition. It is evident from this Table and (0.033) (0.045) (0.008) (0.005) Values in the form: ppm (SEM), n = 5; No SEM indicates that SEM were invalid due to values slightly less than zero (caused by levels of the element < < detection limit or slight matrix interferences).
---= Not checked.
magnitude of lability that was inherent to the element. Noble elements such as Au or Pd were non-labile in any alloy environment. In other metals, the general lability appeared to be element-specific, but specific lability depended upon the alloy composition. It was clear that simple linear correlations did not occur between the atomic abundance of an element in the alloy and its ultimate concentration in the cell-culture medium; if a simple correlation existed, EMA ratios for a given element among all alloys should have had the same magnitude (Table 4 ). The second-order polynomial relation between at% Ag and Ag released (Fig. 3) was evidence that such correlations may be complex when present. Alloy microstructure was a factor influencing the lability of the alloy elements. Alloys 6 and 10, the two multi-phase alloys (as determined by EDX analysis), both exhibited elements with large EMA ratios (Table 4) . This behavior was especially interesting for alloy 6, since the overall nobility of the alloy (sum of atomic percents of Au, Pd, and Pt) was 55.3% (Table 1) , which is traditionally considered to be quite high. It appeared that multi-phase microstructure was more critical to release than was overall nobility.
A comparison of EMA ratios for alloys 2 and 9 was particularly interesting. Ratios for Ag, Cu, and Zn in alloy 9 were significantly higher than those of alloy 2, despite similarities in composition and microstructure (Tables 1 and 4) . It is possible that the combination of slightly increased Pd and slightly decreased Zn in alloy 2 stabilized the release of Ag and Cu, compared with alloy 9. These differences demonstrated that a small change in composition may dramatically change element release behavior without altering the microstructure. However, simple correlations between elemental abundance and release were generally inadequate to predict this behavior, and it appeared that complex interactions among all alloy components in a system must be responsible for the release behavior. Overall, it appeared that with the exception of multi-phase microstructure, simple factors (such as at% Au, overall nobility, or abundance of a particular component) were inadequate to predict release behavior of these alloy systems. It is this apparent lack of predictivity that currently appears to make alloy release characterization mandatory on an individual basis.
A disadvantage of the element medium/alloy ratios (EMA ratios) was that they were not precise when the medium concentration of a cation was low. As the concentration of an element in the medium approached its detection limit, the uncertainty in the concentration became proportionally larger. This problem was amplified when the atomic percent abun- work are summarized for convenience in Table 5 . In general, alloys that released more of their elements exhibited greater toxicity. Alloys 5, 6, 7, 9, and 10 showed significant release At % Ag of their elements ( Goehlich and Marek (1990) showed that Cu or Co were released from Pd-Cu or Pd-Co alloys, but that Pd remained in the alloy and passivated the surface. A similar selective release of Ag, Cu, and Zn over Au and Pd was observed in the present study.
It was of particular interest to relate alloy element release to alloy toxicity as measured previously (Craig and Hanks, 1990) , since release of alloy elements was putatively responLoIminaUolUi1nsor elencIts. riuwever, ilis suy WUUiU sUpporl the idea that it was the alloy metal release that was responsible for these toxicities.
